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Abstract 7 
Glaciers are currently retreating globally but had been in an advanced position for several 8 
hundred years during the so-called Little Ice Age (LIA). During this period the lateral accu-9 
mulation of rock and debris created impressive moraine walls. Between these LIA moraines 10 
and the actual terminus position is the glacier forefield, which is growing as glaciers retreat. 11 
Whereas the forefields are constantly changing (e.g. due to transport of sediment and rock, 12 
lake formation and growth, plant colonization), the outer boundary marked by the moraines 13 
changed little and has widely been used to reconstruct maximum LIA extents and volume for 14 
numerous glaciers around the world. Together with field and satellite measurements a detailed 15 
time-series of glacier fluctuations since the LIA has been obtained for hundreds of glaciers 16 
that indicate some regional and glacier-specific variability, but also robust global trends of 17 
shrinkage and volume loss. Overall, the kilometre-scale retreat and upward shift of glacier 18 
termini by several 100 m since the end of the LIA confirm a global temperature increase by 19 
about one degree. As most glaciers have not yet adjusted their geometry to current climatic 20 
conditions, they will further shrink while forefields will continue to grow. 21 
 22 
1. Introduction 23 
In most regions of the world, glaciers reached a Holocene maximum extent at the end of the 24 
so-called Little Ice Age (LIA) and decreased in size more or less continuously afterwards 25 
(Grove 2004). This maximum extent was not reached everywhere at the same point in time. 26 
For example, in the Alps this was during the 17th to 19th century (often around 1820 or 1850), 27 
in Scandinavia in the mid-18th century and in New Zealand or parts of Alaska in the early 18th 28 
century (Rabatel et al. 2008). The LIA is understood as a slightly cooler period in the Holo-29 
cene, lasting from about 1300 to 1850 that is often explained by a reduced solar activity (e.g. 30 
the Maunder Minimum) along with increased volcanism and internal climatic variability over 31 
this period (Grove 2004; Wanner et al. 2008). However, the period was neither geographically 32 
nor temporarily homogenous at a global scale and details of the precise timing are still a mat-33 
ter of research (Matthews and Briffa 2005). Dating of moraines and reconstructions from a 34 
variety of sources such as pictorial and written documents revealed a detailed chronology of 35 
glacier fluctuations over the LIA period for selected glaciers in the Alps (e.g. Zumbühl and 36 
Holzhauser 1988; Nussbaumer et al. 2007), Norway (Nussbaumer et al. 2011a) or Patagonia 37 
and South America (Masiokas et al. 2009a and b). In general, terminus fluctuations during the 38 
period of maximum extent were within a few hundred meters. The exact timing and amplitude 39 
of these fluctuations is glacier specific, e.g. a function of glacier size and slope as well as 40 
topographic conditions (e.g. hypsometry and shading) and mass balance sensitivity. 41 
 42 
After 1850 however, glaciers globally decreased in size and volume and their fronts retreated 43 
by up to a few kilometres for the largest (land-terminating) glaciers (Oerlemans 2005; 44 
Vaughan et al. 2013) in response to a general increase in temperature. For smaller and more 45 
quickly adjusting glaciers, intermittent phases of re-advance were observed in several regions 46 
in the 1930s and 1980s (e.g. Alps, Alaska, Tropics) and 1990s (e.g. Norway, New Zealand, 47 
Caucasus), but the specific reasons for these fluctuations might have been different (Chinn et 48 
al. 2005; UNEP 2007; Zemp et al. 2015). In the Alps, some glaciers advanced several hun-49 
dred metres during these periods, but none reached again the LIA maximum extent. Moreo-50 
ver, the 1970s advances did by far not reach the one from the 1930s advance so that glacier 51 
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forefields (i.e. the ice-free terrain between the current glacier terminus and the 1850s maxi-52 
mum extent) show two further terminal moraine walls within the 1850s extent, a bigger one 53 
from the 1930s and a smaller one from the 1970s to 1980s (Fig. 1). Outside but very close to 54 
the extent from around 1850, glaciers in the Alps and elsewhere have further lateral or termi-55 
nal moraines from the LIA period. They reveal larger glacier extents before 1850 as they were 56 
not buried by the latest advance. In the Alps these are seldom well preserved and are only 57 
slightly larger than the 1850 extent (Fig. 2) so that the latter is often taken as a synonym for 58 
the maximum extent of the entire LIA. In other regions, however, this is wrong, as former ex-59 
tents (e.g. mid-18th century in Scandinavia or mid-17th century in Patagonia) were much larger 60 
than the mid-19th century extents (Nussbaumer et al. 2011a; Masiokas et al. 2009a). Hence, 61 
the ‘1850s maximum extent’ mentioned above and in the following is only the latest LIA 62 
maximum extent, but often not the largest one in absolute terms. As the lateral LIA moraines 63 
from the latest advance are still comparably well preserved and often have vegetation free in-64 
ner sides, they can be identified on medium resolution (Landsat-type) optical satellite imagery 65 
and related extents can be mapped (Paul and Kääb 2005; Wolken 2006). 66 
 67 
In response to a strong increase in global temperature around 1985 (Beniston 2006; Wild et al. 68 
2007; Reid et al. 2016), glacier mass loss increased in many regions of the world (Zemp et al. 69 
2009). As an immediate reaction, glaciers lost mass by surface lowering in the ablation area 70 
(Paul and Haeberli 2008). Additionally, several glaciers also started thinning in their upper 71 
parts, indicating a disequilibrium response where glaciers will ultimately melt away complete-72 
ly (Pelto 2010). For the time being, the accumulation area of glaciers is too small to sustain 73 
their current size and they will thus continue shrinking (Carturan et al. 2013b). This so-called 74 
committed area and volume loss will reduce the size of current glaciers by a further 30 to 60% 75 
within the next few decades, even without a further increase in temperature (Dyurgerov et al. 76 
2009; Zemp et al. 2015). 77 
 78 
With constantly shrinking glaciers, their forefields constantly grow. If not taken over by lakes 79 
that form between the glacier terminus and the LIA moraine or in local overdeepenings of the 80 
bedrock (e.g. Haeberli et al. 2016b; Loriaux and Casassa 2013), the forefields provide new 81 
land where soil can develop (Egli et al. 2006) and vegetation can grow (Heckmann et al. 82 
2016). Despite a large amount of studies that have reconstructed LIA glacier extents, little is 83 
known about the geomorphological and geomorphometric characteristics of the glacier fore-84 
fields and their genesis over the past century, maybe apart from a few well-studied cases (see 85 
Chapter 3.2 of this book). 86 
 87 
As a more glaciological background to glacier forefields, this study provides an overview on 88 
the response of glaciers to climate change with a focus on the centennial time scale (Section 89 
2), observation of glacier fluctuations from the ground and from space (3), the observed glaci-90 
er changes since the LIA on a global scale and for the Alps (4), and a discussion on potential 91 
future changes and related developments of glacier forefields (5). 92 
 93 
 94 
2. Glacier response to climate change 95 
 96 
2.1 Glacier formation and climate 97 
As glaciers originate from compressed snow, they can be found where climate conditions al-98 
low snow to survive summer melting and later accumulation over several decades. This re-99 
sults in three main factors required to build a glacier: temperatures must be sufficiently low so 100 
that precipitation falls in solid form and accumulates, precipitation must be sufficiently high 101 
that snow survives the summer melting (higher amounts can compensate higher tempera-102 
tures), and there must a place for the snow to accumulate. Such conditions are found in moun-103 
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tain and polar regions whenever terrain is not too steep. Otherwise snow will be transported 104 
downwards by avalanches and either contribute to glacier nourishment or melt. Hence, moun-105 
tains must be high enough to receive solid precipitation that does not melt, i.e. towards warm-106 
er climatic zones mountains must be higher to be glacier covered. Also the amount of precipi-107 
tation and several other factors play a role (e.g. von Humboldt 1845). When it is cold enough 108 
(e.g. in Arctic regions) also sparse precipitation can sustain glaciers. In Fig. 3 a map of global 109 
glacier distribution is shown with the colour-coding representing their mean elevation, as av-110 
eraged from the global glacier inventory (Pfeffer et al. 2014) over the respective region. Low-111 
er mean elevations towards polar and more maritime regions can be clearly recognized. 112 
 113 
Once glaciers are in place, their further existence depends on the balance between the mass 114 
gained by snow fall at their higher elevations (accumulation region) and the mass loss by 115 
melting and probably calving in their lower reaches (ablation zone). Thereby, the ice is con-116 
stantly transported downwards by glacier flow. The mass balance is variable from year to 117 
year, and only long-term trends (decadal scale) in accumulation and/or ablation have finally 118 
an impact on glacier geometry. If over such a long period in nearly all years more ice is lost 119 
than replaced by glacier flow from the accumulation region, glaciers adjust their size to the 120 
new climatic conditions by shrinking (and vice versa for advance). This can take several dec-121 
ades, depending on the amplitude of the governing climate change and the size/slope of the 122 
glacier governing its response time (Oerlemans 2001). In effect, the resulting changes in glac-123 
ier length can be seen as a delayed and smoothed, but also enhanced response to a longer-term 124 
(decadal to centennial scale) change of the climate, whereas the annual mass balance reflects 125 
the atmospheric conditions of the respective year and is thus the undelayed and direct re-126 
sponse to the atmospheric forcing of that year (with possibly large variability from year to 127 
year). Hence, the response of a glacier to climate change (i.e. a trend over several decades) is 128 
becoming visible by its advance or retreat, which can be measured in the field and is widely 129 
recognized by the public (see 2.3). 130 
 131 
2.2 Mass balance terms (ELA and AAR) 132 
A key indicator for the annual conditions is the so-called equilibrium line (EL) that is dividing 133 
the accumulation region (above it) of a glacier from the ablation region (below it) and defined 134 
by a zero mass balance (i.e. mass gain equals mass loss). For mid-latitude glaciers, this line is 135 
roughly located at the boundary between the snow-covered and the bare ice region on a glaci-136 
er. At the end of the summer (or the ablation period) the elevation of this boundary gives a 137 
good approximation of the annual mass balance as mass loss by melting linearly decreases 138 
with elevation for most glaciers (Oerlemans 2001). At a specific altitude of the EL, the mass 139 
balance averaged over the entire glacier (also called glacier-wide mass balance) is zero. This 140 
is the so-called balanced-budget ELA or ELA0. If the ELA in a specific year is above this ele-141 
vation, the mass balance will be negative (or positive if lower). The ELA0 can be derived 142 
from mass balance measurements performed over several years and is approximately located 143 
at the mid-point elevation (maximum + minimum elevation / 2) of a glacier (Braithwaite and 144 
Raper 2009) or where 60% of the glacier area is above it and 40% below it (Bahr et al. 2009). 145 
For tropical and polar glaciers or glaciers mainly nourished by snow avalanches these simple 146 
relations do not apply. 147 
 148 
For mid-latitude glaciers (dominated by winter accumulation and summer ablation) the snow-149 
covered area at the end of the ablation period can be used as a proxy for the accumulation area 150 
and the elevation of the snowline as a proxy for the EL. For glaciers with a known relation-151 
ship between mass balance and the EL, snow lines (e.g. derived from satellite data) can be 152 
used to estimated glacier mass balance (e.g. Rabatel et al. 2005). Whereas the ELA0 is a func-153 
tion of climate and varies greatly among different mountain ranges (Pfeffer et al. 2014), the 154 
AAR0 depends on the characteristics of the glacier and varies only between 0.4 and 0.7 (Dy-155 
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urgerov et al. 2009). In general, a glacier is adjusting its geometry to climate change until an-156 
nual AAR values over a longer period resemble the AAR0. For small glaciers in lesser moun-157 
tain ranges an increase of the ELA0 above their highest elevation will ultimately lead to their 158 
disappearance. Figure 4 is illustrating the response of glacier geometry to climate change (in-159 
crease of ELA) schematically for glaciers of different size.  160 
 161 
2.3 Glacier response to climate change 162 
The required adjustment can also be used quantitatively. For example, if we assume that tem-163 
perature is increasing by 1 degree and precipitation is about constant, the ELA would approx-164 
imately increase by about 150 m (given a mean 0.65 K per 100 m temperature lapse rate). To 165 
retain this as the mid-point elevation, the glacier terminus needs to shift upwards by about 300 166 
m (twice as much for purely geometric reasons). Assuming that the glacier bed of a larger val-167 
ley glacier is only weakly inclined (e.g. Linsbauer et al. 2012), for example 15 degrees, the 168 
tongue would retreat by about 1.1 km for a one degree temperature increase. When this retreat 169 
occurs over a period of about 100 years, the glacier would retreat 110 m per decade for a tem-170 
perature increase of 0.1 degree over the same period. This strong change in extent for a small 171 
change in climate is one reason for naming glaciers sensitive climate indicators. Whereas a 172 
0.1 ºC increase in temperature over a ten-year period is difficult to measure (and to prove for 173 
a sceptic public), a 110 m retreat (11 m a-1) can be accurately measured and is well recogniza-174 
ble by a large public. Indeed, only few glaciers retreat constantly and the amplitude of the 175 
change is smaller for smaller glaciers, but the principle is the same and changes smaller than 176 
11 m a-1 can be precisely determined as well.  177 
 178 
For glaciers with a known AAR0, its value can be used in a simple model to determine glaci-179 
er-specific area changes for a given temperature change (Paul et al. 2007). This requires cal-180 
culation of the area-elevation distribution (hypsometry) for each glacier and reducing the size 181 
of the respective accumulation area by the given shift of the ELA0. For an assumed AAR0 of 182 
0.6 the new total area is the size of the resulting new accumulation area divided by 0.6. A 183 
simple summing up of the area in each elevation bin from top to bottom until this size is 184 
reached provides the new minimum elevation that can be used in a GIS to delete all glacier 185 
cells below this elevation. This allows visualizing the new glacier extent and at the same time 186 
the region that will get ice free in the future, i.e. the new glacier forefield (Paul et al. 2007). 187 
More complex methods have been developed in the past, which also consider an estimated 188 
bedrock topography, glacier flow dynamics and a transient climatic forcing (Huss and Hock 189 
2015; Clarke et al. 2015; Radić and Hock 2011). Such models allow consideration of changes 190 
in precipitation and other climatic variables that might delay or enhance glacier shrinkage. So 191 
far unconsidered in these models is the reduction of melt and the related delay of the response 192 
for strongly debris-covered glaciers, or the change of the radiation balance due to the geomet-193 
ric change.  194 
 195 
The above approach is also inverted, i.e. changes in observed glacier extents are used as a 196 
proxy to derive the related changes in ELA and thus climate (e.g. Porter 1975; Seltzer 1994). 197 
Methods to determine the position of a former ELA0 cover a wide range (Benn and Lehmkuhl 198 
2000) and are in particular popular for reconstruction of temperature depressions during the 199 
Holocene, e.g. glacier advances in the Younger Dryas period (e.g. Ivy-Ochs et al. 2009; 200 
Kerschner and Ivy-Ochs 2008; Solomina et al. 2015). Thereby, the interplay with changes in 201 
precipitation (and radiation) is important (see Kuhn 1981 for details) but difficult to estimate 202 
for this time period. When applied to global glacier shrinkage from 1850 to the 1970s, the ob-203 
served glacier retreat of a few kilometres for the largest glaciers and the increase in minimum 204 
elevation of a few hundred meters roughly corresponds to a 120-150 m increase of the ELA, 205 
thus confirming a related one degree temperature increase over this period. This value varies 206 
from glacier to glacier and region to region, but the global picture is rather homogenous and 207 
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consistent in this regard (WGMS 2008). From a dynamic point of view one can note that most 208 
glaciers (except the largest ones) adjusted their extents to the warmer climate conditions after 209 
1850 until their re-advance phases occurred, e.g. in the Alps around the 1930s and 1970s to 210 
1980s. For the rapid warming after 1985 this adjustment is still on-going. 211 
 212 
A special characteristic of the LIA is its long duration. Despite some intermediate warming, 213 
glaciers seem to have been close to a maximum extent for more than 500 years (e.g. Zemp et 214 
al. 2011 and references therein). This long duration allowed creation of the huge and impres-215 
sive moraines we see today in many regions of the world, confining glacier forefields and al-216 
lowing us a reconstruction of their former extents. However, on a longer-term time scale (last 217 
6000 years) the LIA can be seen as the culmination of a period with increasingly larger glaci-218 
ers in response to a reduction in northern Hemisphere solar insolation during summer (e.g. 219 
Wanner et al. 2008; Menounos et al. 2009; Nussbaumer et al. 2011b). 220 
 221 
 222 
3. Glacier observations from the ground and space 223 
 224 
3.1 Ground-based information 225 
Systematic and coordinated monitoring of glacier fluctuations (front variations or length 226 
changes) with annual temporal resolution was initiated back in 1893 at the 6th Geological 227 
Congress in Zurich with a sample of a few hundred glaciers globally. This sample increased 228 
to more than 900 for a few decades (1960 to 1990) and is now back to about 600 (Zemp et al. 229 
2015). For a few dozen glaciers information on their terminus fluctuations is also available 230 
since 1850, but often not with annual resolution (WGMS 2008; Vaughan et al. 2013). Since 231 
1986 the World Glacier Monitoring Service (WGMS) is in charge of collecting and dissemi-232 
nating information on glacier fluctuations (front variations and mass balances) in a standard-233 
ized format as provided by a global network of national correspondents and observers in the 234 
field (WGMS 2015 and earlier versions, wgms.ch/ggcb). Detailed information about the 235 
methods used to perform the measurements and the observed fluctuations can be found in 236 
WGMS (2008) or online at www.grid.unep.ch/glaciers. With each year being added, the time 237 
series becomes more and more valuable for numerous applications, including process under-238 
standing, climate change detection, model calibration, and others. 239 
 240 
Detailed reconstructions of earlier glacier fluctuations are based on indirect evidence (such as 241 
paintings, dated moraines and dendrochronology) and have been compiled for several regions 242 
such as southern Scandinavia (Nussbaumer et al. 2011a), the Canadian Rocky Mountains (e.g. 243 
Luckman 2000, Koch et al. 2007), South America (e.g. Jomelli et al. 2009; Masiokas et al. 244 
2009b, Rabatel et al. 2013) and the Alps (Maisch et al. 2000; Zumbühl et al. 2008). For the 245 
latter two regions reconstructions go partly back into the 16th century (Zemp et al. 2011 and 246 
references therein). Röthlisberger (1986) gives an overview on glacier fluctuations of the past 247 
10000 years for selected glaciers globally. The focus in this comprehensive book is on dating 248 
past glacier extents with dendrochronology to obtain a time series of glacier fluctuations. For 249 
some of the glaciers not only the frontal position (one dimensional information), but also the 250 
lateral extent has been reconstructed, allowing a two-dimensional (2D) view at the former 251 
glacier area, at least for their lowermost parts (e.g. Zumbühl and Holzhauser 1988). To date, 252 
only few of the reconstructed 2D LIA maximum extents (and their changes afterwards) are 253 
digitally available and most of the information is stored on printed maps (e.g. Grove 2004). 254 
 255 
Somewhat more qualitative information about former terminus positions (1D information) has 256 
been derived over a period of several thousand years for a couple of glaciers in Norway 257 
(Nesje et al. 2008a) and the Swiss Alps using lake sediments and dendrochronology (Hormes 258 
et al. 2001; Holzhauser et al. 2005; Joerin et al. 2006). The studies for the Alps indicate that 259 
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glaciers had a maximum extent similar to the LIA in the 6th century and were somewhat less 260 
extensive (1930s position) around 2600 years ago. In-between these periods the large valley 261 
glaciers had likely been smaller than today. How much smaller is difficult to say as minimum 262 
extents seldom provide quantitative evidence. During the middle Holocene (about 6000 to 263 
7000 years ago) glaciers might have even completely disappeared as shown for several re-264 
gions in Norway (Nesje et al. 2008b) or former glacier forefields - currently still covered by 265 
glaciers - might have allowed trees to grow (Joerin et al. 2008). In contrast, there is evidence 266 
from the Alps or the Canadian Rocky Mountains and other places that ice cover at high eleva-267 
tion sites is now smaller than over the past 5500 years (e.g. Baroni and Orombelli 1996; Koch 268 
et al. 2014), indicating that the mid-Holocene warm period was followed by a continuously 269 
cooler period already mentioned above (Wanner et al. 2008). As pointed out by Koch et al. 270 
(2014), this is remarkable given that only a few hundred years before a Holocene maximum 271 
extent had been reached. Hence, at the time scale of centuries glacier forefields are a very dy-272 
namic and constantly changing phenomenon.  273 
 274 
3.2 Space-based information 275 
Satellite images provide a different and largely complimentary access to the reconstruction of 276 
glacier fluctuations. Compared to ground based information they cover a shorter time period 277 
(e.g. Landsat Multi-Spectral Scanner (MSS) since 1972, Thematic Mapper (TM) since 1984) 278 
and they are not available in each year for a specific region (e.g. due to clouds or acquisition 279 
strategy). Furthermore, freely available satellite data with a long record such as Landsat have 280 
a limited spatial resolution (MSS: 79 m, TM: 30 m) that only allows following changes with 281 
reduced temporal resolution (e.g. every 5-10 years, depending on the rate of change). These 282 
disadvantages are compensated by the complete spatial coverage of a region, i.e. all glaciers 283 
in a region are captured rather than only a few selected ones with easy ground access.  284 
 285 
Satellite images are mostly used for mapping of glacier extents (i.e. outlines) rather than front 286 
variations, but this has been done as well (see 4.1.1). As the information is available in re-287 
gions or for time periods that are not covered by ground-based information, satellite data can 288 
complement existing datasets in this regard (e.g. Barandun et al. 2015). An important ad-289 
vantage of satellite images is that clean glacier ice can be classified automatically using a 290 
simple band ratio (e.g. dividing the red by the short-wave infrared band) and a threshold for 291 
segmentation into a binary map. This map can henceforth be transformed to glacier outlines 292 
using raster-vector conversion (Paul 2002 and 2015; Bolch and Kamp 2006). For the 30-year 293 
period with available Landsat data such outlines have been generated for many regions in the 294 
world for multiple points in time (Bolch et al. 2010a; Paul and Mölg 2014; Narama et al. 295 
2010), forming a base for our understanding of climate change impacts globally. 296 
 297 
On the other hand, only few studies have yet explored the large potential of satellite data to 298 
map LIA extents by digitizing moraines and trimlines (Baumann et al. 2009; Citterio et al. 299 
2009; Davies and Glasser 2012; Loibl et al. 2014). This might be related to the time consum-300 
ing manual mapping, the limited spatial resolution, the unknown timing of the LIA extent, 301 
and because evidence of LIA extents might not be visible for all glaciers, among other factors. 302 
At least the spatial resolution of (freely available) sensors is constantly increasing (now at 10 303 
m with Sentinel 2) and commercial high-resolution images (along with aerial photography) 304 
have been used for this purpose as well (e.g. Fischer et al. 2015; Solomina et al. 2016). As an 305 
intermediate solution, images in Google Earth can be used to verify the interpretation of 306 
freely available but coarser resolution satellite images. As mentioned above, the timing of the 307 
maximum extent varies (Rabatel et al. 2008), but is rather homogenous for a larger mountain 308 
range as temperature trends (driving the long-term variability) are similar over a few hundred 309 
km (Böhm et al. 2001). However, the small-scale variability in precipitation can impact on the 310 
magnitude and timing on a shorter (decadal) time scale. As only rates of relative area changes 311 
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are comparable among different regions, the timing of the mapped extent has to be approxi-312 
mated as good as possible (e.g. from maybe available field measurements of length changes). 313 
Overall, the digital LIA extent dataset is growing and its current limited availability will im-314 
prove in the future. 315 
 316 
 317 
4. Glacier changes since the Little Ice Age 318 
 319 
4.1 A global overview 320 
Numerous local to regional scale studies on glacier changes since the LIA have been per-321 
formed, but only few are providing a global overview. The most comprehensive study to date 322 
is the book “Little Ice Age” by Jean M. Grove, published in 1988 (Grove 1988) and in a se-323 
cond edition with two volumes and a new title in 2004 (Grove 2004). As the level of detail 324 
provided in this book is far beyond what we can present here, we refer the interested reader to 325 
this book and focus here only on some aspects of the book along with the new findings re-326 
ported in the more recent literature.  327 
 328 
4.1.1 Length changes 329 
As described in Section 3, the most detailed knowledge we have on glacier fluctuations since 330 
the LIA is a result of direct measurements of length changes in the field with partly annual 331 
resolution for up to a few hundred glaciers globally (e.g. Zemp et al. 2015). Global overviews 332 
of the fluctuations can be found in (WGMS 2015, 2008) who include a regional analysis, in 333 
the study by (Leclercq et al. 2014) who include a detailed statistical analysis of the fluctua-334 
tions and the source data, and in IPCC AR5 (Vaughan et al. 2013) presenting a more selective 335 
and generalized picture. Regional-scale analysis of the observed length changes since 1900 336 
(or even earlier) are available for several regions such as for Norway by Andreassen et al. 337 
(2005), Italy (Citterio et al. 2007) or the Greater Himalaya (Bolch et al. 2012; Mayewski and 338 
Jeschke 1979). The measurements provide the following generalized insights: 339 
 340 
• glaciers retreated from their LIA maximum position in all regions of the world; 341 
• depending on their size, the terminus retreat is up to a few km for the largest glaciers; 342 
• the general retreat was interrupted by intermediate phases of advance (at different times), 343 
in particular for more quickly responding medium-sized mountain glaciers; 344 
• for larger glaciers the amplitude of the change is also larger (but exceptions exist); 345 
• some regions have special glaciers, that retreat or advance also for non-climatic reasons 346 
(dynamic thinning of marine/lacustrine terminating or rapid advance of surging glaciers); 347 
• these can retreat over much larger distances (ten’s of km) and advance much faster (in a 348 
few years) over distances of a few km, i.e. the typical range of LIA fluctuations; 349 
• in case glaciers are covered by thick debris, their retreat can be much slower than for clean 350 
glaciers, at least when the terminus is not calving into water; and 351 
• differences in regional trends can be largely explained with different climatic conditions 352 
(e.g. increased winter precipitation), whereas local differences can be explained by the 353 
specific characteristics of individual glaciers (e.g. size, response time, hypsometry). 354 
 355 
For some regions of the world, such as Greenland (Leclercq et al. 2012), Gangotri Glacier in 356 
the Himalaya (Bhambri et al. 2012), or selected outlet glaciers of the Patagonian Icefields and 357 
the Cordillera Darwin (Lopez et al. 2010), satellite data were used to add further points in 358 
time to the length change record of several individual glaciers. The latter study partly revealed 359 
dramatic retreats (up to 10 km from about 1980 to 2011) for several of larger glaciers (Nef, 360 
San Rafael, Uppsala, Jorge Montt, Marinelli), but they are all calving in pro-glacial lakes that 361 
likely enhanced their retreat. On the other hand, very high rates of glacier retreat (4 km from 362 
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1986 to 2011) and massive shrinkage of larger glaciers have also been documented for several 363 
land-terminating glaciers in Chile (Rivera et al. 2012) and northern Patagonia (Paul and Mölg 364 
2014) using satellite data. In this region, the lakes that grow as glaciers retreat often cover the 365 
resulting glacier forefields more or less completely. 366 
 367 
4.1.2 Area changes 368 
A large number of studies have reconstructed time-series of changes in glacier extents since 369 
the LIA (cf. Grove 2004). Whereas these studies generally confirm what is known about glac-370 
ier fluctuations from length changes, their special advantage of also providing two dimen-371 
sional information of past glacier extents has not yet been fully exploited, basically as they 372 
lack digital availability. Hence, our knowledge is limited to regions where LIA extents have 373 
also been derived from topographic maps. Detailed studies of glacier area changes since the 374 
LIA have been performed for individual glaciers in the Pyrenees (Cía et al. 2005), the French 375 
Alps (Marti et al. 2015), the Italian Alps (Carturan et al. 2014), the Drangajøkull ice cap in 376 
Iceland (Brynjólfsson et al. 2015), or the Caucasus (Solomina et al. 2016) and small samples 377 
of glaciers around Mt. Kenya (Hastenrath 2005), Jotunheimen in Norway (Baumann et al. 378 
2009), the Pyrenees (González Trueba et al. 2008), the Bavarian Alps (Hagg et al. 2012) or 379 
the Windriver Range (DeVisser and Fountain 2015) using field surveys, historic topographic 380 
maps, aerial photography and also satellite images.  381 
 382 
Samples over entire mountain ranges are available for Austria (Fischer et al. 2015), the Swiss 383 
Alps (Maisch et al. 2000) and western Italy (Lucchesi et al. 2014) (see 4.2.1 for results). Sat-384 
ellite data have been used to map LIA extents from trimlines on Baffin Island (Svoboda and 385 
Paul 2009), for local glaciers in parts of western Greenland (Citterio et al. 2009), for large 386 
parts of Patagonia (Davies and Glasser 2012), or for south-east Tibet (Loibl et al. 2014). The 387 
obtained values of area change are not directly comparable as time periods, climatic regimes, 388 
glacier characteristics and sample sizes differ, but most of them indicate an area loss of about 389 
30 to 60% since their mapped 1850 maximum extent. 390 
 391 
A most comprehensive and regionalized overview on glacier changes can be found in the 392 
GLIMS book (Kargel et al. 2014) along with detailed descriptions on the techniques applied 393 
in each region. Vaughan et al. (2013) is giving a more generalized overview of the derived 394 
area change rates (in per cent per year) from about 1940 to 2010. This overview study is sort-395 
ed for the RGI regions and revealed the following main findings: 396 
 397 
• in the mean over an entire study region, glaciers decreased in size everywhere 398 
• several hundred glaciers melted completely  399 
• relative area change rates are similar in most study regions, but there is also variability of 400 
the rates within a single RGI region 401 
• most of the relative change rates varied between -0.05 and -0.5% per year (1940-2010) 402 
• several regions also showed higher rates (-0.5 to -1% per year), but for a more recent and 403 
shorter time period (1970s-2010) 404 
• the largest shrinkage rates (-1 to -2% per year) are found in the European Alps, the Low 405 
Latitudes and western Canada, the latter over a comparably short period of 15 years 406 
• the majority of the studies with multi-temporal assessments show an increase in shrinkage 407 
rates for the more recent period (but several also have no trends or a slight decrease) 408 
 409 
These averaged values confirm the results obtained from the more detailed investigations at 410 
individual glaciers, but their changes can be much higher or lower. Considering that relative 411 
area changes depend on glacier area (e.g. Paul et al. 2004; Bolch et al. 2010b; Gardent et al. 412 
2014), area changes should always only be compared across entire mountain ranges or for 413 
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glaciers of the same size class. 414 
 415 
4.2 Changes in the Alps 416 
4.2.1 Length 417 
As mentioned above, the record of directly observed glacier length changes in the Alps is one 418 
of the longest on record and most comprehensive worldwide. More than 300 glaciers have 419 
been observed over a certain time period and several glaciers provide more or less (allowing 420 
gaps of up to 5 years) continuous time series since 1895 (Zemp et al. 2015). Zemp et al. 421 
(2008) provided a generalized Alpine-wide overview of length changes from 1850-2000 422 
(along with area changes and mass changes from 1950 to 2000) and Citterio et al. (2007) pre-423 
sented a detailed analysis of length changes in the Italian Alps over the 1908 to 2000 period. 424 
These studies indicate stationary or advancing glaciers in the Alps around 1890 (only Zemp et 425 
al. 2008), in the 1930s and from the 1970s to 1980s as intermittent phases superimposed on a 426 
general trend of retreat (see Fig. 5). In general, mostly medium-sized and steep (mountain) 427 
glaciers with comparably short response times took part in the advance phases, whereas larger 428 
and flat (valley) glaciers with long response times continued their general retreat (Fig. 5). For 429 
the 1970s advance phase also differences in hypsometry played a role to explain the partly 430 
very different responses (strong advance vs. continuous retreat) of neighbouring glaciers 431 
(Kuhn et al. 1985).  432 
 433 
Cumulative retreats reached 1-2.5 km for the largest glaciers (e.g. Great Aletsch, Gorner, Pas-434 
terze) and advances reached several hundred meters for some strongly reacting mountain 435 
glaciers such as Trient in the Mt. Blanc region and Kesselwand in the Oetztaler Alps. Where-436 
as the specific reasons for the advances of individual glaciers are complex and depending on 437 
many factors, atmospheric conditions acting on a mountain range scale play a role as well. 438 
Lüthi and Bauder (2010) used the dense time-series of length change measurements in Swit-439 
zerland for a reconstruction of the corresponding variability in the ELA with a macroscopic 440 
glacier flow model. They found that a single time series of ELA fluctuations could explain the 441 
observed terminus fluctuations after 1850 but not the variability during the LIA. In general, 442 
the advances of the 1930s and 1970s to 1980s seem to follow several years of balanced or 443 
positive mass budgets (see 4.2.3) with a decade or so, compliant with the typical response 444 
times of steep mountain glaciers (Haeberli and Hoelzle 1995). 445 
 446 
4.2.2 Area 447 
Reconstruction of LIA maximum glacier extents in the Swiss Alps is largely based on compa-448 
rably accurate topographic maps that have been derived from land surveys in the period 1845 449 
to 1865 and are known as the Dufourmap (swisstopo.ch). Together with field surveys and 450 
high-resolution aerial photography (for confirmation of moraines), Maisch et al. (2000) used 451 
this information for a precise reconstruction of maximum LIA extents for all Swiss glaciers. 452 
This dataset was at first only prepared in analogue form and thus analysed using cartographic 453 
and planimetric techniques (Maisch 1992). However, later glacier extents were also digitized 454 
together with extents from the 1973 Swiss Glacier Inventory (Paul 2004) and analysed digital-455 
ly in regard to glacier area changes (Paul et al. 2004). More recently, LIA extents were also 456 
digitized and analysed for Austria (Fischer et al. 2015) and western Italy (Lucchesi et al. 457 
2014). 458 
 459 
The above studies reveal an area loss of about 30 to 40% (or 0.3%/a) from 1850 to the 1970s, 460 
a further 15-20% (or 0.6%/a) from 1973 until 2000 (that mostly occurred after 1985), a fur-461 
ther 10-15% from 2000 to 2010 (or 1.2%/a), and a total of 50-60% for the entire period 462 
(Zemp et al. 2008; Fischer et al. 2015; Maisch et al. 2000). The extrapolation by Zemp et al. 463 
(2008) for the entire Alps gives a total area change from 4400 km2 in 1850 to 2900 km2 in the 464 
1970s and a further reduction to 2200 km2 by 2000. Hence, an area of about 2200 km2 has 465 
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transformed from being glacier covered to glacier forefield in 150 years. Gardent et al. (2014) 466 
compiled from the body of literature relative area change rates for various regions in the Alps 467 
and found rates of about -1.5% per year for the 1990-2010 period and -2 and -3% for the most 468 
recent decade. Hence, area loss rates have accelerated recently, indicating that glaciers are not 469 
yet in balance with current climatic conditions and that non-climatic feedback effects due to 470 
surface lowering and disintegration might play a role (e.g. Carturan et al. 2013b). 471 
 472 
4.2.3 Mass balance 473 
For the Alps we have also a rather good overview on the temporal development of mass bal-474 
ances, as several long-term time-series are available (e.g. WGMS 2015). Huss et al. (2010) 475 
extrapolated annual mass balances of 30 Swiss glaciers back to 1900 using climate data, di-476 
rect measurements and the available geodetic surveys for calibration. This reconstruction 477 
shows a period of mass gain from 1910 to 1920 and 1970 to 1980, rather balanced conditions 478 
between 1950 and 1970 and periods of strong mass loss from 1940 to 1950, and since 1985. 479 
However, strong inter-annual fluctuations were observed in each of the periods after 1950 480 
(Zemp et al. 2015), indicating that some longer term averaging (5-10 years) is required for 481 
trend detection. When analysing 10-year means, mean annual mass budgets in the Alps are 482 
getting increasingly negative since 1980, about -0.33 m w.e. for 1980-1989, -0.81 m w.e. for 483 
1990-1999 and -1.25 m w.e. for 2000-2009. This increasingly negative trend reveals that glac-484 
ier extents cannot adjust quickly enough and ablation areas get increasingly larger (seasonal 485 
mass balance measurements indicate that there is no trend in winter precipitation) combined 486 
with continued surface lowering. Under current climate conditions this process will continue 487 
for decades, in particular for the larger glaciers with long response times. With current AARs 488 
of about 30%, total areas have to be diminished by a further 50% to get again an AAR0 of 0.6 489 
and stable glacier extents (Zemp et al. 2015; Dyurgerov et al. 2009; Carturan et al. 2013a). 490 
 491 
 492 
5. Discussion and future challenges 493 
 494 
5.1 Length and area changes 495 
Although glacier area and length are correlated, changes in the respective parameters provide 496 
complimentary information. This also applies to their methods of determination (often field-497 
based for length vs. remote sensing for area), their spatial sampling (individual vs. all glaciers 498 
in a mountain range), period of available observations (centuries vs. decades), and temporal 499 
resolution (annual vs. decadal). When combined, a most complete picture on climate change 500 
impacts on glaciers and our environment can be derived (e.g. Vaughan et al. 2013). However, 501 
it has to be noted that area changes are per se not really a good climate indicator, as the rela-502 
tion with climate change is complex and depending on several other factors (e.g. ice thickness 503 
distribution, hypsometry, debris cover). This is different for length changes that can be well 504 
reconstructed from climate data using glacier flow models and vice versa (e.g. Jouvet et al. 505 
2009).  506 
 507 
However, there is also some climatic information in area changes: They can be globally com-508 
pared, show the potential variability among and within regions (Vaughan et al. 2013), or help 509 
in interpreting current trends (see 4.2.1) and recognize potential accelerations (e.g. Paul et al. 510 
2004). Area change rates are useful to extrapolate glacier inventories to other time periods, for 511 
example to close observational gaps (Zemp et al. 2008) or initialisation of climate models for 512 
a given time (Kotlarski et al. 2010). Once outlines from different points in time (e.g. LIA and 513 
today) are digitally available, numerous additional calculations can be performed, for example 514 
the related volume changes and sea level contribution (Glasser et al. 2011), the impacts of ge-515 
ometric changes on measured and modelled mass budgets (Paul 2010; Huss et al. 2012), 516 
length changes from digital intersection of extents with central flowlines, changes in mean 517 
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elevation as a proxy for ELA and thus former climatic conditions (Wolken et al. 2008), and 518 
calibration of models simulating past and future glacier extents (Marzeion et al. 2012; Huss 519 
and Hock 2015). Hence, despite their limited use as a direct indicator of climate change, mul-520 
ti-temporal glacier extents are very useful for numerous calculations related to climate change 521 
and a globally more complete dataset of digitally available extents (back to the LIA) is highly 522 
desirable (Marzeion et al. 2017).  523 
 524 
5.2 Glacier forefields  525 
Owing to the committed future area loss and the very likely further increasing global tempera-526 
tures glacier forefields will further grow. The new terrain will not only consist of unconsoli-527 
dated debris, but also of bare rock and lakes. On the positive site, it will in some cases (at ele-528 
vations below the tree line) only take a few decades before plants stabilize the debris (Burga 529 
1999) and new lakes might develop and get touristic attention and value. However, shrinking 530 
glaciers and expanding forefields also have some down sides. Apart from the increasing po-531 
tential for debris flows due to the reduced retention of rain by glaciers and the increasing area 532 
of steep lateral moraines and bare rocks, there are several further likely negative impacts. For 533 
example, access to mountain huts might get difficult when glaciers shrink and the terrain fol-534 
lows or when the glacier is replaced by a lake or a steep moraine wall (Ritter et al. 2012). 535 
 536 
Pro-glacial lakes might also be a growing hazard as the dams holding them back can burst 537 
creating so-called glacier lake outburst floods (GLOFs) (Richardson and Reynolds 2000; 538 
Bolch et al. 2011). Such bursts can be triggered by mass movements (rock fall), which might 539 
occur as a result of reduced buttressing by the now missing glacier (Oppikofer et al. 2008; 540 
Kos et al. 2016), from steep moraine walls and thawing permafrost above such a lake (Frey et 541 
al. 2010, Haeberli et al. in press). The GLOFs can travel downstream for dozens of kilome-542 
tres, thus reaching and potentially damaging human infrastructure or settlements (e.g. Clague 543 
and Evans 2000; Huggel et al. 2003). On a positive note, these lakes can be automatically 544 
mapped from satellite images and their extents are thus digitally available (e.g. Bolch et al. 545 
2008; Gardelle et al. 2011; ICIMOD 2011). In the case they are classified as dangerous, they 546 
are sometimes also monitored from the ground so that early warnings can be released (e.g. 547 
Carey et al. 2012). A special problem is that in many regions glacier shrinkage is so fast, that 548 
new lakes are constantly formed and a frequent reassessment is required. Such lakes might 549 
also have a potential to be used for hydropower purposes (Haeberli et al. 2016a), or they can 550 
build an important sediment trap (at least for some years) that keep the sediment away from 551 
hydro-power dams downstream (Haeberli et al. 2012). In short, growing glacier forefields can 552 
influence the sediment balance in both ways, strongly increasing it (no lake) or reducing it. 553 
 554 
5.3 Future challenges 555 
Current rates of area loss are in some regions (Alps, Andes) an order of magnitude higher 556 
than in the decades following the LIA maximum extent. Current 2D/3D glacier flow models 557 
start to correctly model also changes in glacier area on a regional scale (Huss and Hock 2015; 558 
Clarke et al. 2015), but this is highly challenged due to missing information about the bedrock 559 
or ice thickness distribution as well as missing multi-temporal validation data. However, for 560 
some well-studied glaciers such as Rhone or Great Aletsch in Switzerland modeling results 561 
(for past extents) are in good agreement with observations (e.g. Jouvet et al. 2011). Not yet 562 
included are effects on the radiation balance (replacing bright glacier ice with dark gravel or 563 
rock) that might cause additional heating in case glaciers shrink (Carturan et al. 2013a). This 564 
would enhance glacier melt, might change snow fall to rain and increase thawing of perma-565 
frost higher up (Gobiet et al. 2014). The resulting overall destabilisation of the environment 566 
towards a state of imbalance will challenge computation of related effects and cause more se-567 
vere and unforeseen impacts of extreme events due to missing historic knowledge and non-568 




6. Summary 572 
 573 
We described basic principles of glacier response to climate change, glacier changes as meas-574 
ured in the field and from space, and presented an overview of glacier fluctuations around the 575 
world with a particular focus on the Alps. As not all details could be included in this over-576 
view, we focused on key references under each topic and the more general relations and re-577 
sults. With the on-going glacier retreat glacier forefields are further growing. They are con-578 
tinuously changing on time-scales of minutes (flooding) to millennia and record past glacier 579 
fluctuations. Detailed investigations about this very dynamic environment exist only locally 580 
and a quantification of the new land that has been exposed after glacier retreat is only region-581 
ally available, as the digital mapping of LIA extents started only recently. Nevertheless, sim-582 
plified schemes allow reconstruction of the regional climatic history using ELA depressions 583 
derived from the topographic analysis of former glacier extents. For the time after the LIA the 584 
observed glacier retreat of a few kilometre for the largest glaciers is in good agreement with 585 
the required increase in temperature of about one degree since the LIA. As all glaciers are dif-586 
ferent, such numbers show substantial glacier-specific variability, but consideration of such 587 
differences provides consistent results. The pro-glacial lakes that are currently growing in 588 
many mountain regions of the world as glaciers retreat, are both a source of hazards (GLOFs) 589 
and a landscape element with touristic and economic (hydro-power) potential. It remains to be 590 
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Figure captions 970 
 971 
Fig. 1 972 
Glacier forefields of Mutt (inset left) and Dammaglacier with moraines from the latest LIA 973 
maximum extent around 1850 (solid white arrows), the 1930s (dotted white) and 1980s 974 
(black). Dotted black lines indicate current glacier extent. Short white arrows for Dammaglac-975 
ier (upper right corner) indicate a possible larger extent before 1850. The inset map in the 976 
lower right shows the location of Mutt (M), Damma (D) and Findelenglacier (F), the latter 977 
being displayed in Fig. 2. The image of Muttglacier is a satellite image (screen-shot from 978 
Google Earth), the Dammaglacier image is based on aerial photography (screen-shot from 979 
map.geo.admin.ch). 980 
 981 
Fig. 2 982 
Findelen Glacier in Switzerland has a series of further lateral moraines (arrows) outside the 983 
dominant moraine from its latest advance in the mid-19th century. The image is a screen-shot 984 
from Google Earth. 985 
 986 
Fig. 3 987 
Global glacier distribution from the Randolph Glacier Inventory with colour-coding giving 988 
mean elevation (from Bolch and Christiansen 2014). 989 
 990 
Fig. 4 991 
Schematic sketch of glacier response to climate change for glaciers of different size in moun-992 
tain ranges of different height (from Vaughan et al. 2013). 993 
 994 
Fig. 5 995 
Glacier length changes since the end of the LIA for selected glaciers in the Alps. For a global 996 
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